In spite of its classification as `magmatic´, the rifted margin off Mid Norway evolved as a hyperextended margin in Late Jurassic and Cretaceous time, with a pre-breakup structural evolution that resembles that of magma-poor margins. Because the distal margin was not drilled to crystalline basement, considerable uncertainty exists with respect to the distribution of lithologies at depth. In this contribution, we discuss the implications of various scenarios for deep-seated lithologies and evaluate the possibilities for mantle exhumation in the deep margin offshore Norway. A suite of JurassicCretaceous, very large-magnitude, extensional faults that exhumed successively deeper structural levels seawards are well imaged in recent long-offset seismic reflection data. Based on these key profiles, we document the structural configuration that created the extremely sharply tapered south Møre margin as well as subhorizontal detachment faults in the distal Vøring margin. The latter were associated with rotated extensional allochthon and supradetachment basins and contributed to the exhumation of very deep levels including rocks from the lower crust and/or upper mantle. In the outer margin, truncation and excision of this system by a new set of incising detachment faults occurred later in the Cretaceous and the earliest Cenozoic. We discuss the relationships between these detachment systems under the distal and outer margins and positive structural features such as the Rån and Gjallar ridges. The interpretation of basement lithologies at depth in the distal margin is ambiguous due to overlap in physical properties. Based on a process-oriented evaluation of the different interpretation scenarios, we favour a model where mantle windows were exhumed in the footwalls of some of the master faults in the Cretaceous.
Introduction
The Mid Norway rifted margin (Figs. 1, 2) evolved through several rift phases, climaxing in Permo-Triassic, Late Jurassic-Early Cretaceous and Late CretaceousPalaeogene time (e.g., Blystad et al., 1995; Brekke, 2000) . The Trøndelag Platform, considered to constitute the margin´s proximal domain (Péron-Pinvidic et al., 2013) , preserves wedge-shaped successions of rotated strata beneath more gently dipping strata of Late Triassic and younger age. The regional unconformity that caps Jurassic and older basin strata in the Trøndelag Platform, Halten Terrace and Slørebotn subbasin areas is proven in a large number of exploration wells and is normally referred to as the base of the Cretaceous (BCU; Blystad et al., 1995; Brekke, 2000) . The Late Jurassic-Early Cretaceous rift phase(s) was the most important with respect to crustal thinning, and associated with large-magnitude normal faults that cut and displaced the stratigraphy of the platform and terraces and paved the way for the deep Cretaceous Møre and Vøring basins (e.g., Blystad et al., 1995; Faleide et al., 2008) . The large thicknesses of Cretaceous strata, as well as refraction-based models of the crystalline crust in the Møre and Vøring basins, indicate that crustal thickness was dramatically reduced over substantial areas outboard of the platforms and terraces (e.g., Brekke, 2000; Mjelde et al., 2005 Mjelde et al., , 2009a Faleide et al., 2008; Breivik et al., 2011; Kvarven et al., 2014) .
There has been some controversy over whether this evolution should be viewed as one combined event or separated into distinct Late Jurassic and Early Cretaceous events (Lundin & Doré, 1997; Doré et al., 1999; Faleide et al., 2008) . The problem is not easily resolved due to the lack of well control in the deep basins. It is well known, however, that faulting in the outer margin is Late Cretaceous into Paleogene in age (e.g., Ren et al., 1998; Fjellanger et al., 2005) , and a basinward migration of rifting activity has been argued for by several workers (e.g., Lundin & Doré, Blystad et al., 1995) and locations of geoseismic transects used in this study. Colours: green -Cretaceous basins, blue -platform and terrace areas, grey -Cretaceous highs, pinkmarginal highs, violet -Permian-Triassic basins. Abbreviations: MTFC -Møre-Trøndelag Fault Complex; JMFZ -Jan Mayen Fracture Zone. Ranero & Pérez-Gussinyé, 2010; Sutra et al., 2013) . Since the dredging of serpentinised mantle rocks at the Iberian margin (Boillot et al., 1980) and their subsequent drilling by several ODP Legs (Shipboard Scientific Party, 1987a , b, 1994 , 2004 , pertinent questions at deep margins relate to the degree of crustal thinning and to whether mantle was exhumed to the seafloor during large-magnitude extension (Whitmarsh et al., 2001; Manatschal et al., 2007; Péron-Pinvidic & Manatschal, 2009; Lundin & Doré, 2011; Péron-Pinvidic et al., 2013) . Since the geophysical properties of continental crystalline crust and serpentinised subcontinental mantle overlap considerably, this question cannot be answered easily for margins that were not drilled to crystalline basement. Thus, one of the benchmarks of hyperextension identified in the Iberia-Newfoundland system, the exhumation of serpentinised mantle to the seafloor (Boillot et al., 1980; Manatschal et al., 2001; Whitmarsh et al., 2001) , cannot be proven directly offshore Norway. Several workers have, however, discussed the possibility, and some have suggested that it may have occurred, based on interpretation of seismic reflection data, refraction data, potential field data and modelling (Ren et al., 1998; Osmundsen & Ebbing, 2008; Lundin & Doré, 2011; Reynisson et al., 2011; Péron-Pinvidic et al., 2012 Rüpke et al., 2013) . Others reject this possibility (e.g., Nirrengarten et al., 2014) , or propose alternative solutions that involve bodies of dense, eclogite-facies, continental crust under the most highly thinned areas (Gernigon et al., 2004; Mjelde et al., 2012) . Ren et al. (1998) were the first to suggest the presence of shallow serpentinised mantle under extensional detachments in the Gjallar Ridge and compared the Vøring margin to that offshore Iberia. Further evidence for hyperextension offshore Norway was based largely on interpretation of lines from long-offset seismic reflection data, shot and recorded to 12 and 14 seconds twoway time (s twt) in the mid-1990s. Largely, arguments were based on the interpretation of large-magnitude extensional faults in what is now known as the necking domain as well as in the inner parts of the distal margin (Osmundsen & Ebbing, 2008; Péron-Pinvidic et al., 2013) . This area coincides with areas where seismic refraction studies and potential field modelling (Faleide et al., 2008; Mjelde et al., 2009a, b) suggested a very dramatic reduction of the crystalline crust.
Figure 1. Map of the Mid Norway rifted margin showing main structural elements (simplified from
In the last decade, long-offset seismic reflection profiles have been acquired over large parts of the Norwegian margin, with recorded depths of 10 and 12 s twt. More recently acquired refraction data (Breivik et al., 2011; Kvarven et al., 2014) and potential field-based crustal models provide additional constraints (e.g., Ebbing et al., 2006; Ebbing & Olesen, 2010) . Recent works on hyperextended margins elsewhere have presented a number of concepts that should be considered when discussing the Norwegian margin (e.g., Blaich et al., 1997; Osmundsen & Ebbing, 2008; Péron-Pinvidic et al., 2013) . Basinward migration of rifting activity has been well documented in the hyperextended Iberian margin (e.g., Péron-Pinvidic et al., 2007; Sutra et al., 2013) . Such an interpretation has consequences for the interpretation of deep-seated unconformities in distal margins.
A deep-seated, regional unconformity observed under thick Cretaceous deposits in the deep Møre and Vøring basins is undrilled and cannot be directly correlated with that of the platform and terrace areas. This unconformity has, nevertheless, been interpreted to represent the BCU by many workers (e.g., Brekke, 2000; Osmundsen et al., 2002) . A seaward-migrating faulting activity, such as discussed by Lundin & Doré (1997) , would, however, lead to a seaward younging of this unconformity, and to an increasing potential for preservation of Cretaceous strata in the down-faulted half-graben. More distal parts of the Møre and Vøring basins were poorly imaged, with flatlying strata to great depths and dense networks of sill intrusions in some areas. In the better imaged parts of the outer margin, a marked onlap unconformity rises northwestwards out of the poorly imaged levels of the basins, and was interpreted by some early workers to represent the BCU (e.g., Swiciecki et al., 1998) . Exploration wells drilled in the outer ridges areas (e.g., 6704/12-1 and 6603/5-1) have demonstrated a (Mid-Late) Cretaceous age for this unconformity and synrift deposits as young as the Maastrichtian (e.g., Fjellanger et al., 2005 ; http://www. npd.no/). Moreover, Jurassic rocks were not encountered below the unconformity in any of the wells. Thick successions of densely faulted Cretaceous rocks occupy several kilometres of stratigraphic section below the base of the Cenozoic in the outer margin (e.g., Brekke, 2000; Fjellanger et al., 2005) . Thus, the basin architecture of the outer margin differs from that of the more proximal areas, to an extent that is not yet well constrained.
Eocene breakup was associated with voluminous magmatism, as manifested by seaward-dipping reflectors, lava flows and hyaloclastic deltas (e.g., Planke et al., 2000 Planke et al., , 2005 Berndt et al., 2001) . A high-velocity, lower-crustal body that occurs under the outer margin was interpreted by a number of workers as a magmatic underplate (e.g., Skogseid et al., 1992; Mjelde et al., 2009b) , albeit other interpretations are possible (e.g., Lundin & Doré, 2011) .
The combination of highly extended crust with largemagnitude extensional detachment faulting led some authors to suggest that the rifted margin offshore Norway shared a number of characteristics with the Iberian margin, and that the margin underwent a phase of hyperextension prior to magmatic breakup (Ren et al., 1998; Osmundsen & Ebbing, 2008; Lundin & Doré, 2011; Péron-Pinvidic et al., 2012 . Another common observation appears to be the evolution of margin deformation through a basinward migration of rifting (Lundin & Doré, 1997; Péron-Pinvidic et al., 2007;  (Olesen et al., 2010a, b) . (B) Magnetic anomaly map, Mid Norway margin (Olesen et al., 2010a, b) . (C) Moho depth map, Mid-Norwegian margin (Ebbing & Olesen, 2010 for interpretation and depth conversion of single seismic transects, Petrel® seismic mapping software (Schlumberger) for correlation purposes, and IGMAS (Interactive Geophysical Modeling ASsistant) for combined gravity and magnetic modelling.
Gravity and magnetic data
The gravity compilation used to calibrate the geoseimic transects in this contribution was based on c. 59,000 km of marine gravity profiles collected by the Norwegian Petroleum Directorate, the Norwegian Mapping Authorities and the oil industry, in addition to gravity data from satellite altimetry in the deep-water areas (Olesen et al., 2010b) . Fig. 2A shows the resulting Bouguer anomaly map using a correction density of 2200 kg/m 3 . The magnetic anomaly map is shown in Fig. 2B based on a wealth of aeromagnetic surveys acquired during the last 50 years. Most of the study area is covered with flight lines with a spacing of 2-5 km (see Olesen et al., 2010a , b for a detailed review of the surveys).
Both the gravity and the magnetic anomaly maps show clear differences between the proximal margin domain (the Trøndelag Platform), where the top basement appears to vary locally in depth, and the outer domain (the Vøring Basin), where top basement is generally very deep.
3D potential-field based crustal model
The Moho under the deep Møre and Vøring basins is generally not well imaged by seismic reflection data. To constrain the crustal thickness along the seismic reflection profiles used in this study, we have used existing 3D geophysical models of the Mid-Norwegian margin as a basis (e.g., Ebbing et al., 2006 Ebbing et al., , 2009 Reynisson et al., 2011 Kvarven et al., 2014 . We have employed the gravity and magnetic data described above and the IGMAS, which calculates the potential field effect of a crustal model by triangulation between modelling planes (Götze & Lahmeyer, 1988) , to expand and refine the 3D models used in previous works (see Ebbing et al., 2006; Osmundsen & Ebbing, 2008; Reynisson et al., 2011 for details) . The most important parameters in the construction of the 3D model are the crustal geometry and petrophysical properties (density, magnetic susceptibility and Q-ratio) for the crust and upper mantle. Fig. 2C shows the depth to Moho from the 3D model (after Ebbing & Olesen, 2010) . The deep structure of the Møre margin has been updated using the results of three modelled OBS profiles by Kvarven et al. (2014) . For a more detailed discussion on velocity, density and magnetic parameters, see Ebbing et al. (2006 Ebbing et al. ( , 2009 and Kvarven et al. (2014) . The modelled parameters for the different stratigraphic units and crystalline crustal types (Table 2) were based on data obtained from basement 2011; Franke, 2012; Péron-Pinvidic et al., 2013; Savva et al., 2014; Stica et al., 2014; Tugend et al., 2014) . In particular, this relates to the succession of rifting modes and principal structures, the mechanisms behind largemagnitude crustal thinning, the nature of the continentocean transition and the possibility for altered mantle to constitute parts of the basement in the deep margin.
Below, we describe and discuss four, new, geoseismic transects through the Mid Norway rifted margin, along with slightly revised interpretations of two previously published transects (Transects 1 to 6, . We discuss the crustal structure along these transects based on interpretation of the long-offset seismic reflection data, published refraction profiles and potential field modelling. We present structural scenarios for the extremely sharp crustal neck in the southern Møre area, recently remodelled based on new seismic refraction data (Kvarven et al., 2014) . Furthermore, we provide novel interpretations of parts of the distal margin, discuss the significance of the so-called `T´-reflector and the general ambiguity of interpretation at distal rifted margins that were not drilled to basement.
Seismic and potential field data

Seismic reflection data
Our geoseismic transects are based on the interpretation of the seismic reflection profiles GMNR94-102, MNR05-7300, MNR05-7332 and MNR05-7397. For a more comprehensive overview we also include modified versions of our previously published interpretations of GMNR94-103 and GMNR94-104. The data quality ranges from fair to excellent, depending on depth and on location in the margin. For instance, both surveys provide very high-quality imaging of structures in the proximal, necking and inner distal domain, but the MNR05-lines provide the best images from the outer parts of the distal margin. On the other hand, the deeper recording of the GMNR94 data (14 s twt) provides additional information from the deep crust or upper mantle that cannot be obtained from the 10 s MNR05 data. The GMNR survey also gives a convenient regional framework for deeper interpretations. For correlation purposes we have use a mixed grid of long-offset and conventional seismic data of variable quality including lines recorded to 7, 10 and 12 s twt acquired between 1984 and 2002.
Depth conversion of the profiles that form the basis of our geoseismic transects was performed using check shot information, velocity data from wells in the platform, terrace and subbasin areas, published regional velocity models from OBS experiments Mjelde et al., 2009a, b; Breivik et al., 2011; Kvarven et al., 2014) , and 2D and 3D potential field modelling. We have used the Easydepth® tool from Franlab-Beceip Kvarven et al. (2014) rocks onshore and drilled sedimentary units in the offshore platform and terrace areas. For the distal margin, we consider also other possibilities for the translation of physical parameters into lithological units, as discussed below.
For the present study, we loaded depth-converted seismic interpretations into the 3D model. The 3D geometry was then used first to evaluate the interpretation. In case of large differences between seismic interpretation and 3D model geometry, the geometry was adjusted by forward modelling. The depth-converted seismic interpretations were then combined with the resultant 3D model to discuss the distribution of lithological units at depth and to construct the final geoseismic sections.
The construction of geoseismic transects
Below, we present six, depth-converted, geoseismic transects through the Mid-Norwegian margin. Construction of the transects was carried out using an interactive approach that started with seismic interpretation in two-way time (twt). Following this, the velocity models required for depth conversion were constructed with the aid of published seismic refraction profiles and well data. Upon depth conversion, potential field modelling was carried out (see section 2) to better constrain the lower parts of the geoseismic transects. Several iterations of modelling and interpretation were performed for each section, to optimise the correlation between the different datasets and to arrive at wellconstrained and geologically realistic transects. The seismic reflection profiles used to construct the transects were the GMNR94-102 and GMNR94-103 from the Møre Basin and GMNR94-104, MNR05-7300, GMNR94-105, MNR05-7332 and MNR05-7397 from the Vøring Basin (see Fig. 1 
for locations).
Each transect is systematically described below in terms of basement structure and basin configuration. For most of the transects, more than one scenario was possible due to the overlap between geophysical parameters of different rock units or because of uncertainties in the interpretation of the seismic reflection data (see discussion). We present a number of different scenarios for each transect and discuss their geological significance.
We also discuss what we perceive as principal problems in the correlation of seismic reflection data with refraction and potential field data.
Transect 1: South Møre Basin
Transect 1 was constructed to reveal the deep structure of the south Møre basin (Fig. 3) . It corresponds to our interpretation of two regional profiles: the GMNR94-102 A and the GMNR94-102 R. The seismic section GMNR94-102 A was recorded to 12 s twt and is of very good quality. However, reflectivity is less well defined below c. 7 s twt in its northwestern parts. GMNR94-102 R is of fair to very good quality and was recorded to 14 s twt. The resolution of the top of basement is poor and in the northwestern part of the section, reflectivity at depth is hampered by intrusions and overlying extrusive rocks.
Basement structure
In the southeastern parts of the section, between profile km c. 120 and 30, the crystalline crust tapers sharply off, bound by the northwest-dipping top of crystalline basement and the Moho, which rises steeply from a depth in excess of 30 km close to the southeast end of the section to c. 18-20 kms depth at profile km c. 40 (Fig. 3) .
The top of basement is well defined and coincides with the subhorizontal seafloor in the southeastern part of the section, but starts dipping basinwards at profile km c. 105 (SE part). Apart from a small normal fault at profile km c. 95, the top of basement is interpreted as an unconformity onlapped by sedimentary rocks until km c. 80. There, a knickpoint occurs at the top of basement as it becomes defined by a well-imaged large normal fault (F 1 ). The heave along F 1 is c. 17 km measured along the seismic line, and the fault has a low to moderate apparent dip where it juxtaposes a rotated pre-Cretaceous basin against the crystalline basement. F 1 cuts gently southeastdipping basement reflectivity at c. 10 km and at c. 15 km depth, it is incised into a northwest-rising set of reflectors termed here the deep reflector band (DRB). We interpret F 1 to have facilitated coupling of deformation from high to low structural levels in the area, constituting a major boundary fault for the south Møre margin. Furthermore, the above-mentioned northwest-dipping unconformity indicates substantial erosion into the footwall of F 1 and thus the removal of evidence for several kilometres of extension from the section.
The top of basement rises northwestwards in the hanging wall of F 1 and is cut by faults with moderate offsets. At profile km c. 40, the top of basement again dips moderately northwestwards, and is interpreted as constituting a fault plane or an eroded fault plane (F 2 ). A dramatic thinning of crust and/or upper mantle occurs in this area, consistent with the upwards and northwestwards termination of the deep reflector band (DRB). In our interpretation, this is a site of near or complete excision of the continental crystalline crust (Fig. 3) .
From c. 30 km, the top of basement is less well defined, but is tentatively placed at the base of reflective sedimentary rocks at the boundary to a more transparent area in the seismic section. Northwestwards, the top of basement can only be interpreted from seismic refraction data and potential field modelling and few structures can be observed. Northwest-dipping normal faults bound a poorly imaged, rotated block between profile km c. 20 and 70 in GMNR94-102R, in a location along the strike of the Vigra High (Reynisson et al., 2011) . It is termed the south Vigra High below. In the northwestern parts of the section, Cenozoic volcanic rocks display impressive lava deltas and seaward-dipping reflectors close to the line of breakup ( Fig. 3 ; Berndt et al., 2001) .
The poor quality of the seismic reflection data in the distal areas, together with the small variations in density between the bodies defined in the 3D crustal model, makes interpretation of the pre-Cenozoic levels highly uncertain in the northwestern parts of the section. Several scenarios can be suggested for the continuation of structures and lithological units from the more wellconstrained area in the southeast, depending on the interpretation of the structure and lithology in the betterimaged necking domain.
The lithological configuration in the necking domain and in the deep distal margin in the southeastern parts of our transect is challenging. This is reflected in our three different scenarios for this transect (Fig. 3D-F ) and is discussed further below. The marked deep reflector band (DRB) rising from 12 s twt in the southeastern parts of the section to c. 7 s twt farther northwest is interpreted as an important geological boundary. When comparing our seismic interpretation to the first-order potential field model, it appears that the shapes, dips and boundaries of the geological bodies defined through seismic are at odds with those interpreted and modelled from OBS and potential field data (Fig. 3) . Based on these observations we envisage two possible end-member scenarios. In Fig. 3D , rocks with density of 2950 kg/m 3 represent continental lower crust, whether they are structurally above or below the northwest-rising deep reflector band. Thus, in this scenario, modelled density bodies have been translated directly into lithology, independent of observed basement structure. The southeast dips of the DRB to 11 s twt (33 km depth in the depth-converted section) and other deep reflectors southeast of km 25 are consistent with structural incision and denudation of very deep levels in the footwalls of the northwestdipping, large-magnitude faults interpreted from the seismic reflection data. We consider it problematic that the DRB, which is interpreted to represent an important structural and/or lithological boundary, should be crossed by a horizontal lithological layer extending from beneath the continent to the continent-ocean boundary. One possibility may be that the culmination-like feature marked by the top of the deep reflector band (DRB) in the footwall of F 2 represents the poorly imaged top of a rotated fault block (interpretation of Osmundsen & Ebbing, 2008) , or, alternatively, the mylonitic top of a metamorphic core complex consisting of lower crustal rocks. The depth of the DRB in the southeast parts of the section connects it to the crust-mantle boundary, and an alternative interpretation ( Fig. 3E ) is that rocks with density 2950 kg/m 3 that are structurally below the DRB are interpreted as altered mantle rocks (e.g., deformed, serpentinised, infiltrated). This interpretation honours the continuation of the DRB to mantle depths in the southeast, and also provides an explanation for the transition from densities of 3100 to 2950 kg/ m 3 in the body below it, because a southeast-dipping, altered mantle body may well contain a transition from more to less serpentinised mantle with depth. An implication would be that the rocks structurally below the DRB, thinning into a c. 5 km thick layer of rocks under the Møre basin, also represent altered mantle, or a mix between exhumed serpentinised mantle and crustal blocks. Considering recent interpretations from the Iberia-Newfoundland margin pair (e.g., Péron-Pinvidic et al., 2013) we hold this interpretation as quite likely. However, it would imply, firstly, a body of altered mantle that is very thick (10 km at profile km = 30) and, secondly, that parts of this body occur in a position where theoretically, little water could reach the mantle to result prevails in the Cretaceous towards central parts of the section, where overlying igneous rocks destroy data quality in the underlying section. Northwest of the south Vigra High, modelled northwest-rising density boundaries (between densities of 2550, 2700 and 2750 kg/m 3 ) may indicate the presence of crystalline basement and/or intruded pre-Cretaceous sedimentary rocks (Fig. 3D) , or alternatively, a density gradient inside the Cretaceous basin (Fig. 3E) . A northwest-rising detachment fault overlain by rotated fault blocks was interpreted farther northeast in the Møre Basin (see below) and the stippled lines between profile km 50 and 150 km in GMNR94-102R explore this possibility also in the present section, based on modelled densities but not on the reflection seismic.
Transect 2: Northeast Møre Basin 
The exploration well 6306/10-1 was drilled to metamorphic basement. Northwest of the well, a smooth, NW-dipping top basement reflector is interpreted to represent a large-magnitude normal fault which marks the boundary to the distal margin in the northeast Møre Basin area (Main Møre boundary fault of Osmundsen & Ebbing, 2008) . Northwest of the hanging wall cutoff, the top of basement dips gently southeastwards forming the top of a large, rotated fault block (Fig. 4) . The fault-plane reflector continues as a reflector band inside the basement, where it cuts another set of deep reflectors interpreted to represent reflective lower crust at c. 9 s twt. The displacement on the MMF appears to be in the order of 40 km along the line of section, which is oblique to the local fault strike. A true displacement of 25-30 km can be confidently interpreted based on neighbouring lines with more orthogonal orientations. A convex-upward reflector band is identified inside the basement underneath the fault block that hosts 6306/0-1; it joins the northwest-dipping top of basement at c. 5 s twt, indicating that it is incised by the MMF. On parallel seismic profiles, the reflector band can be traced southwestwards beneath rotated fault blocks in the Slørebotn subbasin area, where it was interpreted as a flatlying extensional detachment by Jongepier et al. (1996) . The incision of a Late Jurassic, warped detachment fault by the main boundary fault to the distal margin indicates that in the necking domain at the northeastern Møre margin, the process of downwards coupling deformation involved several stages of faulting (Osmundsen & Ebbing, 2008) . in serpentinisation (i.e., under the unfaulted crustal section east of profile km = 65). In such a scenario, pervasive deformation and/or melt infiltration and stagnation may provide alternative explanations for the modified geophysical characteristics. Our model in Fig.  3F incorporates a number of the uncertainties discussed above, but has a preference for a Jurassic-Cretaceous, crust-mantle boundary closer to the scenario in Fig.  3E rather than to that in Fig. 3D , with the body of 3150 kg/m 3 density under the necking domain representing altered mantle and a layer of altered mantle (potentially with crustal blocks) under the deepest parts of the Møre Basin. The structural configuration at depth northwest of the south Vigra High is highly uncertain due to poor imaging. However, in other parts of the GMNR94 survey, rotated fault blocks are well or fair imaged at depth in the deep basins. We therefore suspect that fault blocks west of the south Vigra High in the present section would be small and dominated by sedimentary rocks, as in the more northeastern parts of the Møre basin (see below) or, alternatively, entirely absent.
Basin configuration
Triassic and Jurassic sedimentary rocks were penetrated by the exploration well 6204/11-1 at profile km c. 90-95 in the southeastern parts of the section, where they are preserved in a small Cretaceous half-graben and place some constraint on the depth of erosion into the footwall of F 1 . The rotated half-graben basin in the hanging wall of F 1 hosts a c. 5-6 km-thick, wedge-shaped succession of presumed pre-Cretaceous sediments. The deepest parts of this synrift basin overlie the hanging wall cutoff for F 1 at c. 14 kilometres depth. The basin is capped by an unconformity, tentatively interpreted to represent the base of the Cretaceous. Northwest of F 2 , the distribution of pre-Cretaceous sediments is less certain from the seismic reflection data. A pre-Cretaceous, half-graben basin geometry can be suggested between F 2 and the south Vigra High, based on scattered reflectors in the long-offset seismic data and on a modelled density increase below c. 8-10 km depth southeast of the high. The presence of high-density Cretaceous strata in other parts of the margin (see below) makes this interpretation highly uncertain, and highlights the principle that density cannot distinguish the age of strata, only the degree of compaction. Northwest of the high, GMNR94-102R does not reveal much information below the interpreted subhorizontal Cretaceous strata.
The main parts of the Cretaceous basin overlie and onlap the top of basement in the southeastern parts of the section and downlap onto the top of the assumed pre-Cretaceous half-graben in the hanging wall of F 1 . West of F 2 , the base of the Cretaceous basin is virtually unconstrained, but flat-lying or gently dipping reflectors are interpreted to represent sedimentary strata down to at least 12 km depth (Fig. 3) . Subhorizontal reflectivity parts of the section (Osmundsen & Ebbing, 2008) . As with other LCBs proposed for the margin, its origin is uncertain (e.g., Mjelde et al., 2009b; Lundin & Doré, 2011) . We follow previous suggestions by Osmundsen & Ebbing (2008) and Lundin & Doré (2011) that it may represent altered mantle as it is affected by, and largely bounded by, the faults that separate rotated blocks in the hyperextended domain.
The section shows wedge-shaped reflector packages interpreted as synrift sedimentary rocks. The rocks affected by faulting appear to become younger towards the northwest. In the southeastern parts of the section, a Jurassic synrotational wedge was sampled by 6306/10-1. Above and northwest of the hanging wall cutoff, thicker, wedge-shaped, reflector packages are juxtaposed against the MMF and other normal faults underneath the `Base Cretaceous´ unconformity. They are mainly interpreted to represent Late Jurassic and older synrift strata, but the presence of Early Cretaceous strata can be argued based on margin-wide interpretations and arguments (e.g., Lundin & Doré, 1997; Doré et al., 1999) . Northwest of the Vigra High, rotated fault blocks become smaller and appear as allochthons on the northwest-rising detachment fault. The top of basement can no longer be identified with confidence in this area, and the thickness and age of basin strata between the Lower Cretaceous reflectors and the interpreted detachment fault remains uncertain. The progressive downfaulting of Lower Cretaceous strata above the detachment indicates that there may be less and less `synrift´, pre-Cretaceous rocks preserved towards the northwest in the section (Fig. 4E, F) .
The overlying Cretaceous succession drapes and downlaps onto rotated fault blocks at depth, and landwards, it onlaps the MMF at low angles. The upper units in the Cretaceous succession sampled by well 6306/10-1 oversteps and buries the MMF as well as less significant normal faults southeast of the well. Cenozoic sedimentary rocks cover most of the section, but a large part of the succession is warped and cut by the Quaternary seafloor in the southeast.
Transect 3: South Vøring Basin
This transect is well suited to illustrate the deep structure under the Halten Terrace as well as parts of the distal margin domain in the south Vøring area. Our two-way time interpretation (Fig. 5A) and one of the alternative scenarios presented for the transect (Fig. 5D ) were based on a previous interpretation (Osmundsen & Ebbing, 2008) of the long-offset seismic reflection profiles GMNR94-104 and GMNR94-104R.
The fault that bounds the Vigra High in the northwest has an apparent minimum displacement in the order of 20-25 km and incises the DRB. The fault is interpreted to continue northwestwards, rising towards the breakup area. This interpretation is justified by a vague reflector in the GMNR94-103 section, but is better substantiated by more recent, proprietary, deep-seismic reflection data recorded in the northwestern parts of the Møre Basin (not shown, see acknowledgements). In the hanging wall of the rising detachment, a rotated allochthon can be readily interpreted between profile km c. 80 and 110. In the interpretation of Osmundsen & Ebbing (2008) , the allochthon is capped by rotated Cretaceous and older strata underlain by a reflector designated as top seismic basement. In Fig. 4D , this is equated with the top of crystalline basement. In our alternative scenarios (Fig. 4E, F) , however, this reflector more likely represents the top of denser sedimentary rocks. On the northwest side of the allochthon, at km 75-85, a fault with a displacement of c. 8 km offsets the Lower Cretaceous stratigraphy. Northwest of this point, 3-4 more normal faults are interpreted above the rising detachment fault. A high-density, high-velocity, `lower crustal body´ (LCB) was modelled under rotated fault blocks in the western Osmundsen & Ebbing, 2008) Osmundsen & Ebbing (2008) lower crust or cut it and continue into the mantle. In our interpretation, the latter situation applies in particular for the 2-3 outermost faults in the array (Fig. 5A, B) . Along the northwestern flank of the Slettringen Ridge, a major fault breakaway passes into a subhorizontal detachment with displacement in the order of tens of kilometres in the less well-imaged area towards the Jan Mayen Fracture Zone (e.g., Osmundsen et al., 2002; Osmundsen & Ebbing, 2008) . At depth northwest of the Slettringen Ridge, deep reflector bands rise northwestwards to be cut by the proposed detachment. This indicates that the detachment cuts progressively deeper into the footwall rocks in this direction, and we hold it likely that one of these reflector bands (Fig. 5A, B) represents the Jurassic-Cretaceous crust-mantle boundary.
. Note deep reflector band (DRB), interpreted to represent reflective lower crust, offset by low-angle extensional faults including the Main Møre boundary fault (MMF), which has a true displacement of 25-30 km. Note also extensional detachment constituting the northwestern boundary of the Vigra High. The continuation of this detachment truncates the deep reflector band and offsets it. The stratigraphy northwest of the Vigra High is unconstrained in its lower parts. Inset rectangle marks location of seismic image in (B). (B) Seismic detail from GMNR94-103 showing seismic image of detachment fault northwest of the Vigra High. The detachment incises into the deep reflection band at a low angle and is subhorizontal under the fault blocks northwest of the high, rendering them extensional allochthons. (C) Density model extracted from 3D crustal model along line of section. (D-F) represent alternative interpretation scenarios for the north Møre transect, modified from Osmundsen & Ebbing (2008). Versions in (D) and (E) represent end-member scenarios with respect to crustal thinning. Note that, in both scenarios, rotated fault blocks northwest of the Vigra High are underlain by a northwestward-rising detachment (see text). (D) The top of crystalline basement is relatively shallow northwest of the Vigra High, corresponding to the top of seismic basement in
Basin configuration
The Halten Terrace hosts basins of Triassic and Jurassic age and is a prolific hydrocarbon province. Detailed descriptions of structures and basins in the Terrace area can be found elsewhere (e.g., Brekke, 2000; Marsh et al., 2010) . We interpret the general geometry of the southern Halten Terrace (Fig. 5 ) to reflect the shape of the underlying ramp-flat detachment fault (see also Ehrlich & Gabrielsen, 2004) . West of the Klakk fault complex, the hyperextended subdomain contains a series of wedge-shaped half-graben basins onlapped by strata in the overlying postrift basin. The rotated half-graben basins resemble those in the northeast Møre Basin and similar to those the age of the half-graben basin fills are not well constrained. It is, for example, unknown whether Lower Cretaceous rocks are also downfaulted into the half graben. In this case, the `BCU´ is not the BCU sensu strictu through the entire margin.
The detachment that bounds the Slettringen Ridge in the northwest floors a deep sedimentary basin in our interpretation, which is contrary to the interpretation of Nirrengarten et al. (2014) who preferred to interpret this interval as continental crystalline crust. Southeastward-rotated reflectors, probably representing pre-Cretaceous or Cretaceous rocks, are imaged c. 30 km northwest of the ridge beyond the area of Fig. 5 . They indicate that the Rås Basin hosts rotated fault blocks of unknown composition, likely pre-Cretaceous or Cretaceous sediments, onlapped by Cretaceous strata. The morphology of this part of the margin, with coupled, half-graben bounding faults in hyperextended continental crust bordered by a breakaway transitional into a subhorizontal detachment fault that cuts deepseated, continent-dipping reflectors, resembles that of the outer Iberian margin (Péron-Pinvidic et al., 2007 and below) . Although this does not itself prove that mantle became exhumed under Mesozoic deposits northwest of the Slettringen Ridge, we hold it likely. We also observe that above the flat detachment, sill intrusions become abundant in the Cretaceous basin.
Basement structure
The transect presents a more gradual reduction of crustal thickness than observed in the Møre margin, and thus a gentler taper for the crystalline crust. At the border between the Trøndelag Platform and the southern Halten Terrace, the top of basement is downfaulted in the hanging wall of a ramp-flat detachment, the Bremstein Fault Complex (BFC), which continues at depth underneath the Halten Terrace. In the footwall of the detachment, a reflector band likely to represent basement rocks deformed in the ductile domain is deflected into a culmination that underlies the flat part of the detachment at c. 4 s twt, indicating an extensional culmination or core complex (Osmundsen et al., 2002; Ehrlich & Gabrielsen, 2004) . A reflector band continues to great depth along the continuation of the BFC. The top of basement is further downfaulted along the Klakk Fault Complex (KFC), which defines the boundary fault between the necking and distal margin domain in the south Vøring Basin, and which has a total displacement in the order of 15-20 km in this part of the margin (Fig.  5) . The inner parts of the south Vøring Basin comprise an array of rotated crustal fault blocks which range in thickness from <5 to 12 km. Most of this area thus consists of hyperextended crust, and belongs to the hyperextended subdomain (Péron-Pinvidic et al., 2013) of the distal margin. The block-bounding faults detach in laminated Osmundsen & Ebbing (2008) 
Transect 4: Central Vøring Basin
This transect was constructed from the seismic reflection profile MNR05-7300 (Fig. 6A, B) . The section is generally of very good to excellent quality, with exception of the deepest parts of the Rås Basin. It is well suited to address the structural setting of the Rån Ridge, in particular its trailing (southeastern) edge, and the geological significance of the so-called `T´-reflector.
Basement structure
In the Trøndelag Platform area, there is good agreement on the boundary between layers of density 2650 kg/ m 3 and 2800 kg/m 3 modelled from the potential field data and the top of a double reflector interpreted tentatively as the top of Mid or Late Palaeozoic deposits (Osmundsen et al., 2002; Müller et al., 2005 ). An up to 5-6 kilometre-thick succession of possible pre-Triassic (?), Triassic and Jurassic rocks underlie the Platform and Terrace areas (Fig. 6D-F ), in accordance with previously published models (e.g., Breivik et al., 2011) . The modelled Moho rises gently from >30 km to c. 27 km between the southeastern parts of the section and c. 270 km. Cretaceous accommodation correspondingly increases abruptly at 270 km, and the inner boundary for the necking domain is represented by the Revfallet Fault Complex (Blystad et al., 1995) at the western boundary of the Nordland Ridge.
Under the Dønna Terrace, the Moho rises sharply northwestwards to a depth of c. 22 km and appears to nearly converge with the top of basement along the Ytreholmen Fault Zone of Blystad et al. (1995) , which juxtaposes the Dønna Terrace with the very deep Cretaceous Rås Basin (Fig. 6) . Thus, the Dønna Terrace and Ytreholmen Fault zone comprise the necking domain in this part of the Vøring margin.
The Ytreholmen Fault zone (YFZ) is interpreted as a large-magnitude extensional fault complex characterised by triangular fault rider blocks, although not well imaged in the seismic reflection data. The angle between basinward-dipping Cretaceous strata and the interpreted and modelled basement slope indicates that the proposed detachment was active at a low angle or acquired a low angle shortly after its main phase of activity. The structure of the YFZ may be significantly more complex than our simple interpretation, but the seismic reflection data do not reveal much detail. The transect crosses the Ytreholmen Fault zone obliquely, and the apparent 50-60 km of total displacement may exceed the true displacement. A body with density of 3100 kg/m 3 was modelled under the northwesternmost parts of the Rån Ridge. The top of this body reaches c. 17 km depth in the depth-converted section. If this body represents serpentinised mantle rocks, the continental crystalline Manatschal, 2004; Péron-Pinvidic & Manatschal, 2009 (Mjelde et al., 2009a) 
. Colours: green -5 km/s, yellow -6 km/s, red -7 km/s, violet -8 km/s. Note that in the proximal margin, the 6 km/s mark corresponds to the top of basement or pre-Middle Triassic sedimentary rocks whereas in the Rås Basin, velocities of 6 km/s appear to occur in deep-seated basin strata. In (D), rock bodies with modelled densities between 3100 and 2650 kg/m3 are interpreted to represent continental crystalline crust. Crystalline crust underlies the triangular block delineated between the Fles Fault Complex and the extensional detachment described above. Crystalline crust also cores the Rån Ridge, which is capped by pre-Cretaceous sedimentary rocks. In (E), the crystalline crust in the triangular block between profile km 100 and 150 has been replaced by serpentinised mantle. The geological implication of this scenario is that the crystalline crust would have to be completely excised by the Ytreholmen Fault Complex (YFC) and its continu ation as a flat detachment under the Rås Basin and Rån Ridge. The Rån Ridge would thus be an extensional allochthon resting on a mantle detach ment. Serpentinisation would have to be substantial to reduce the density to the modelled 2800 kg/ m3. In scenario (F), all continental crust was removed west of the Ytreholmen Fault zone and transport ed out of section. The Vøring Basin is underlain by serpentinised mantle, which also cores the Rån Ridge. Moreover, sedimentary rocks in the Rån Ridge area all belong to the Cretaceous succession in this scenario. This configuration would require at least two generations of `exhumation´ detachments in the Rån Ridge area, as the ridge itself would contain an inherited tectonic contact between serpentin ised mantle and Cretaceous sedimentary rocks. A more detailed discussion of the structural setting of the Rån Ridge is presented in Péron-Pinvidic et al. (submitted). Abbreviation: RFC -Revfallet Fault Complex.
crust may have been tectonically removed along parts of the Ytreholmen Fault zone (Fig. 6E, F) .
Northwest of the Rås Basin, a triangular basement ridge is bound to the southeast by the Fles Fault Complex (FFC; Blystad et al., 1995) , and to the northwest by a planar, northwest-dipping segment of the so-called `T´-reflector (Gernigon et al., 2004) , interpreted here as a low-angle detachment fault (Fig. 6A, B, D-F) . The FFC cuts and displaces basement and Early Cretaceous strata landwards, probably by several kilometres; the hanging wall cutoff of basement cannot be identified at depth in the reflection data from the Rås Basin. The detachment fault defines the top of the triangular-shaped basement west of the FFC, but is interpreted to dip underneath the Rån Ridge at c. 92 km (Fig. 6A) . A southeast-dipping reflector package interpreted as a rotated allochthonous rider block is perched on the detachment fault between the FFC and the Rån Ridge. In our interpretation, the Rån Ridge itself is an extensional allochthon, albeit of large proportions. The low angle between the detachment fault and overlying sedimentary layers in the presumed Cretaceous succession indicates that it was active at a very low or subhorizontal dip, or acquired such a low dip shortly after its main phase of activity. The present, westward dip was evidently acquired at a later stage during slip along the FFC or formation of the HellandHansen dome. The Fles Fault Complex appears to have displaced an originally subhorizontal, large-magnitude detachment fault complex (the Ytreholmen Fault zone) that was continuous or segmented, but that may have extended from the northwestern edge of the Dønna Terrace to the trailing edge of the Rån Ridge.
Northwest of km c. 92, the `T´-reflector rises in what is interpreted here as the hanging wall to the above-mentioned detachment. Thus, regionally, the `T´-reflector is clearly composed of several tectonic/ lithological features: here, it represents both a detachment fault and the top of basement in its hanging wall.
Lithologically, several alternatives can be considered for the Rås Basin area, the `T´-reflector and the Rån Ridge. End-member interpretations are shown in Fig. 6 . The significance of the `T´-reflector is discussed more thoroughly in .
Basin configuration
In the platform areas, exploration wells constrain an up to 4 km-thick Jurassic into Mid Triassic section, which is underlain by an equally thick (or thicker) succession of presumed Permo-Triassic and possibly older rocks (e.g., Müller et al., 2005) . The top of basement is placed at the top of a strong reflector that corresponds to the transition to velocities above 6 km/s in the OBS data and to the boundary between rocks with modelled densities of 2.65 and 2800 kg/m 3 , respectively. In the deep basin areas, the configuration of density bodies is interpreted somewhat differently, supported by the seismic reflection profiles. There, sedimentary rocks with modelled densities of 2650 kg/m 3 appear as occurring in the Cretaceous basin, and crossing OBS profiles indicate seismic velocities between 5 and 6 at progressively higher stratigraphic levels in the direction of the line of breakup (Fig. 6D) . Densities and seismic velocities of the sedimentary rocks do not indicate age per se but rather reflect burial depth and primary thermal history.
Across the Revfallet Fault Complex, accommodation increases in the Cretaceous, and from the western parts of the Dønna Terrace and into the Rås Basin, the thickness of the Early Cretaceous section increases dramatically. The Ytreholmen Fault Complex contains a half-graben with reflective northwest-dipping fill that appears to downlap or onlap onto strongly rotated strata below. Seismic quality does not allow for a detailed analysis of the fill of these basins; Triassic and Jurassic strata on the Dønna Terrace are strongly rotated in the fault block at profile km c. 220, indicating that the main phase of faulting, and thus the fill of the allochthonous half-graben in the Ytreholmen Fault zone, may be Early Cretaceous in age. They do, however, appear to be capped by an Early Cretaceous unconformity that separates them from the main part of the overlying Cretaceous succession.
Northwest of the Fles Fault Complex, the extensional detachment fault and rotated allochthon are associated with southeast-dipping to subhorizontal reflector packages in a wedge-shaped supradetachment basin southeast of the Rån Ridge (Fig. 6B, D-F) . This assemblage is overlain by a strongly reflective interval that onlaps the southeast-dipping flank of the Rån Ridge, and is assumed to be Early Cretaceous (AlbianAptian?) in age. Stratigraphically higher reflectors in the Cretaceous succession onlap the Rån Ridge towards the northwest.
Transect 5: Central Vøring Basin
The transect was constructed along the seismic reflection profiles MNR05-7332 and GMNR94-105 (Fig. 7A) . The sections show the configuration of structures and basins under the Trøndelag Platform and provide important additional information about the structural setting of the Rån Ridge (e.g., Fig. 7B ).
Basement structure
The top of seismic basement under the Trøndelag Platform is placed at the pronounced double reflector that may represent top of crystalline basement or MidPalaeozoic deposits but which may also represent the top of Late Permian anhydrites drilled in the Helgeland Basin area (Bugge et al., 2002; Osmundsen et al., 2002; Müller et al., 2005) . Below this level, there is a diffuse transition from relatively transparent to reflective basement, and a transition in density from 2750 kg/ m 3 to 2850-2950 kg/m 3 has been modelled based on potential field data. Under the Trøndelag Platform, the top of seismic basement is displaced continentwards by an array of large normal faults. Some of these faults have large displacements (10 kilometres or more) but appear to terminate in the middle or lower crust. The seismic interpretation and potential field modelling is consistent with thinning of the crystalline crust from a thickness of near 30 km at the coast to 15-22 km under much of the platform.
The Revfallet Fault Complex constitutes the border to the Dønna Terrace and thus the border between the proximal and necking domains sensu Péron-Pinvidic et al. (2013) . Crustal thinning to a thickness of 12-14 km takes place under the terrace and its northwest margin in the direction of the Rås Basin. The border towards the distal margin comprises the poorly imaged Ytreholmen Fault zone (Blystad et al., 1995) , which, as in the previous transect, appears to be associated with extensional rider blocks and a subordinate half-graben. Rotated beds can be interpreted adjacent to this zone at great depth, indicating that the Ytreholmen Fault zone continues northwestwards underneath the Rås Basin. Under parts of the Rås Basin, the crust is thinned to 5 kilometres thickness or less.
The displacement along the upper, most well-imaged parts of the main strand can be constrained to a minimum of 12 km from the seismic reflection data. However, the potential field model indicates that the main zone of crustal thinning is located under the Ytreholmen Fault zone and it is inferred here that its total displacement is in the order of tens of kilometres. In Fig.  7D , E, the FFC is interpreted to offset the Ytreholmen Fault zone and thus the outer parts of the necking domain. An implication would be that the Ytreholmen Fault zone originally continued under the Rås Basin and the trailing edge of the Rån Ridge, as suggested above for MNR05-7300. The overall effect of the large-magnitude normal faulting depends somewhat on the interpretation of lithologies at depth.
A valuable observation in this respect is the rise of a marked reflector from c. 9.3 s to c. 8.5 s twt (19 to 15 km in the depth-converted section) between profile km 180 and 150 in MNR05-7332 (Fig. 7A, B) . The reflector caps a body with a modelled density of 3100 kg/m3 and appears to become tectonically excised near the trailing edge of the Rån Ridge. If the underlying body is allowed to represent dense lower crust, for instance an eclogite body (see Mjelde et al., 2012) , the crustal thickness would increase from a minimum under the Rås Basin to up to 9 km under areas west of the FFC (Fig. 7D) . The overall setting of the`T´-reflector in this area does, however, resemble that of mantle reflectors observed at other margins like the `S´ or the HHD reflectors in Iberia (Reston, 1996; Manatschal et al., 2001) , the P reflector in the Porcupine Basin or the M-reflector in the South Atlantic (Blaich et al., 2010) .We tentatively interpret the SE-dipping segment of `T´ described above to represent the top of the paleo-(Jurassic-Cretaceous) mantle. In such a scenario, the underlying high-density body would likely be composed of altered (e.g., serpentinised, deformed, infiltrated) mantle. Under such an interpretation (Fig. 7E) , we consider a strongly thinned and partly dismembered crust northwest of the FFC as likely. Detachment faults that incise the level represented by the SE-dipping `T´-segment would represent top mantle detachments (`exhumation faults´). Considering our interpretation of a northwest-dipping, originally horizontal detachment fault at the trailing edge of the Rån Ridge (Fig. 6 ) and the lack of age-control on the strata in the ridge, we consider complete dismemberment of the crystalline crust as a distinct possibility, (Fig. 7; .
Between profile km c. 50 and 110, a well-defined reflector separates the core of the Rån Ridge from a deep basin with faulted Cretaceous strata that are possibly, but not necessarily underlain by Jurassic and older sedimentary rocks. The reflector is interpreted as a fault plane, possibly enhanced by dykes. The reflector flattens with depth and at 50-60 km it appears to be incised into the `T´-reflector, supporting the interpretation of a listric detachment fault that cuts `T´. This would indicate the presence of two generations of `exhumation-type´ faults in the outer Norwegian margin. One is represented by the detachment complex at the trailing edge of the Rån Ridge, the other by the (younger) detachment that bounds the deep outboard Cretaceous basin on the northwest side of Rån. The displacement along this structure is not well constrained, but is likely to be in the order of tens of kilometres. Similar to the previous transect, the FFC is interpreted to cut and displace the major, west-throwing Ytreholmen Fault Complex.
Basin configuration
To a first order, large parts of the basin configuration resemble that of the previous transect, with extensional allochthon and supradetachment basins related to a major detachment at the trailing edge of the Rån Ridge. A main asset, however, is the detachment fault on the northwestern side of the ridge and its relationship to the hanging wall sedimentary basin. The age of the lower parts of this basin is unknown, and may consist of blocks or an allochthon of pre-Cretaceous rocks (Fig. 7D) . Another interpretation may be that Cretaceous rocks rest directly on the detachment to great depth (Fig. 7F) , with pre-Cretaceous stratigraphic units tectonically removed from the section. The architecture of the strongly faulted, adjacent Cretaceous basin differs from the preserved and imaged Cretaceous basin at the trailing edge of the Rån ridge. It appears clear that the more outboard basins experienced a phase of faulting not recognised inboard, and that this phase post-dates the faulting that separated the terrace from the distal margin. This is consistent with the previously reported basinward-stepping rifting on the Mid-Norwegian margin (e.g., Lundin & Doré, 1997; Doré et al., 1999) , a phenomenon that is also well documented off e.g., Iberia (Ranero & Pérez-Gussinyé, 2010; Sutra et al., 2013) . Parts of the outer basin imaged in MNR05-7332 can be correlated with stratigraphy penetrated by the exploration well 6603/5-1 in the south Gjallar Ridge. The well proved the existence of a thick Lower Cretaceous section and that faulting went on well into the Late Cretaceous northwest of the Rån Ridge and in the Gjallar Ridge area, displacing pre-Cretaceous rocks, if present, kilometres down to the northwest in this part of the outer Vøring margin.
The Rån Ridge area presents spectacular assemblages of intrusive igneous rocks, and there is abundant evidence for intrusions following fault planes. In the present transect, note clusters of intrusions at the trailing edge of the Rån Ridge, above and east of the boundary fault to the outer Cretaceous basin, and in the far northwest of the section. The main faults appear to have served as conduits for intrusions during breakup-related magmatic activity.
Transect 6: North-central Vøring-Basin
This transect was constructed based on the seismic reflection profile MNR05-7397 (Fig. 8A, B) . The E-W acquisition trend has a low angle with the NE-SW orientation of the central and northern Vøring Basin and thus the section is strongly oblique to the structural grain. Seismic quality is good or very good in the southeastern and northwestern parts of the section, but poor at depth in the densely intruded Vigrid Syncline. The highlight of the section is the imaging of strongly faulted stratigraphy in the southern Gjallar Ridge (Fig. 8B) , which was penetrated by the exploration well 6603/5-1, confirming a thick Lower Cretaceous succession (see below). Other features that are well imaged in the seismic section are reverse faults and folds on the southeast flank of the Utgard High. The area of the Vigrid Syncline is well imaged to a depth of a few kilometres but sill intrusions severely complicate interpretation at depth. Thus, our interpretations of basement or pre-Cretaceous rocks in the Vigrid Syncline are strongly speculative.
Basement structure
The top of basement is neither well imaged nor constrained by the seismic data. Southeast of the Revfallet Fault Complex, the top of basement was therefore constructed based on reflectors that occur below a largely transparent succession of assumed sedimentary rocks with densities in the order of 2550 kg/m 3 according to the gravity modelling. Low-magnetic rocks in the seismic basement with densities of c. 2700 kg/m 3 may also possibly represent Late Palaeozoic sedimentary rocks or, alternatively, metasedimentary rocks in Caledonian nappes. The Revfallet Fault Complex is not well imaged at depth. It does, however, coincide with a modelled strong reduction in crustal thickness and with the juxtaposition of Triassic with Cretaceous strata along the southeast border of the Traena Basin. On the northwest side of the Traena Basin, the southeastdipping continuation of the FFC borders the Utgard High. The displacement is not well constrained, but may be in the order of several kilometres, depending on the location of the poorly constrained top of basement inside the high. A suite of reverse faults, interpreted to represent late reactivation of the FFC, is interpreted to core an anticline along the southeastern flank of the High.
In Fig. 8D , depth to basement in the Utgard High is based entirely on the potential field modelling. Northwest of the Utgard High, the suggested top of basement follows the 6+ km/s velocities obtained from the OBS and gravity modelling, as well as the base of a strongly reflective layer in the seismic section. In Fig. 8E , F, we explore the possibilities of replacing parts of the basement with sedimentary rocks inside and northwest of the Utgard High. Inside the high, we tentatively place the top of . Abbreviation: RFC -Revfallet Fault Complex. crystalline basement along a northwest-sloping reflector band that occurs between 7 and 8 seconds twt at profile km 270-290.
The proximal margin domain is dominated by deep-seated, pre-Late Triassic basins containing sediments deposited adjacent to continent-facing faults. This configuration is abruptly truncated by the faults in the necking domain, which are seaward-dipping in our interpretation. The Ytreholmen Fault zone (YFZ) is not very well imaged but small, rotated fault blocks can be identified at different depths along the basin flank. Inset rectangle marks location of seismic image in (B). (B) Seismic detail sho-
In the northwestern parts of the section, the top of basement is interpreted to be represented by the convexupward `T´-reflector. The `T´-reflector is underlain by a body with a modelled density of 2.95 g/cm 2 , consistent with lower crust (Fig. 8D) or serpentinised mantle (Fig.  8E, F) . The nature of the basement under the Gjallar Ridge has been debated at length (e.g., Gernigon et al., 2004) , but in our view, the suggestion of Ren et al. (1998) that it represents an extensional detachment on top of serpentinised mantle rocks may be a viable scenario considering our interpretations of the previous transects in this paper. This interpretation would require that the density of the mantle rocks was reduced to the modelled value of c. 2950 kg/m3 in the culmination that underlies the ridge, an assumption that is not unrealistic. The density of sill intrusions above the southeast flank of the culmination may indicate the presence of underplated magmatic rocks in the body described by the convexupward `T´-reflector. The detachment representing `T´ may also have been intruded by sills that enhanced its seismic reflection amplitude. The northwest-dipping faults that cut Cretaceous strata in the ridge have offsets of up to the order of c. 3-4 km based on the reflective Albian-Aptian interval that was penetrated by 6603/5-1 (Fig. 8) . At depth, the faults cut the `T´-reflector, and tentatively, the northwestern flank of the culmination outlined by `T´ may represent a second-generation detachment fault. This secondary detachment is associated with a breakaway area at profile km c.110-120, characterised by kilometre-scale normal displacements of the Aptian marker and a dense network of sill intrusions.
Basin configuration
The Late Palaeozoic (?) to Triassic and Jurassic basin on the northern Trøndelag Platform is characterised by westward dips of bedding and an apparent westwards thickening along the line of section. This basin is abruptly cut by the northwest-dipping Revfallet Fault Complex and juxtaposed against the deep Cretaceous Traena Basin. The Traena Basin has an overall synclinal geometry, with bedding being rotated to steep dips and folded along the reactivated FFC. Similar to the Rås Basin farther south, the Traena Basin is poorly imaged at depth and the top of basement cannot be confidently defined based on the seismic reflection data. The potential field modelling suggests that the top of crystalline basement is located at between c. 13 and 17 km depth. Inside of, and to the west of the Utgard High, basin depth is equally difficult to assess from the seismic reflection data. Between the Utgard High and the south Gjallar Ridge, the basin is densely intruded by sills, which hamper signal penetration and lower the imaging quality significantly. Based on the potential field modelling, the top of a body with density of 2800 kg/m 3 occurs at between 10 and 13 km depth west of the Utgard High. In our most conservative scenario (Fig. 8D) , this corresponds to the depth of the Late Palaeozoic-Mesozoic basin. In alternative scenarios, we speculate that the basin may be even deeper (Fig. 8E, F) . This would require high densities around 2800 kg/m 3 for the deepest parts of the stratigraphy according to the potential field model. Published refraction models have however, indicated sediments with densities of 2700-2800 kg/m 3 for parts of the margin (e.g., Mjelde et al., 2009a) , so such a scenario is not necessarily in conflict with existing geophysical models. In the south Gjallar Ridge, a marked stratigraphic boundary was proven by the exploration well 6603/5-1 to represent Aptian strata. Terminated at 5000 metres depth, the well proved the existence of a thick Cretaceous succession in Bugge et al., 2002) the South Gjallar Ridge (www.npd.no/fact pages/wells). The southeastwards descent of this stratigraphy to great depths in the Vigrid Syncline indicates a deep location of the `BCU´, probably below 10 km or more in the deepest parts of the basin.
Between profile km 0 and c. 130, the Cretaceous basin is densely faulted and the correlation of stratigraphic markers is difficult. In our most conservative scenario (Fig. 8D) , we consider that pre-Cretaceous sedimentary rocks may exist at depth underneath a thick Cretaceous succession in the South Gjallar Ridge, as a continuation of a possible pre-Cretaceous basin at depth in the Vigrid Syncline. The uncertainty with respect to this interpretation is substantiated by the observation of a secondary detachment associated with the Gjallar Ridge. Alternatively, a deep Cretaceous basin may rest directly on basement underneath the south Gjallar Ridge and the Ygg High (Fig. 8E, F) . The Ygg High is infiltrated by intrusions, but southeastward-dipping reflectors may indicate the presence of faulted and rotated sedimentary rocks underneath the magmatic rocks.
Discussion
Geological uncertainties in the correlation of geophysical datasets
In the construction of geoseismic transects, we have interpreted seismic reflection data down to a certain confidence level, below which refraction-based crustal models and potential field modelling have been used to complete the transect at depth. For some of the sections in the present study, it became clear that the interpretations of lithological bodies modelled from refraction and potential field data would be at odds with a number of observations in the long-offset seismic reflection data. In addition to the commonly favoured interpretation where a modelled geobody is translated directly into a specific rock type, we adapted a different interpretation protocol where a given set of geophysical parameters may be translated into different lithologies, depending on the structural configuration interpreted from the seismic reflection data.
Since the Norwegian margin shows clear evidence for hyperextension where the crust is thinned to less than c. 10 km thickness over considerable areas (e.g., Mjelde et al., 2009a, b) , problems arise with the interpretation of lithologies at depth in the distal margin.
Serpentinisation of mantle rocks is commonly thought to occur when the crust is strongly thinned and brittle faults cut it entirely, providing channelways for water to reach the upper mantle and allow hydration of peridotite Reston, 2009 ). Pervasively serpentinised exhumed mantle has been proven so far only for the Iberia-Newfoundland conjugate system, but a number of margins show similar structural configurations and the possibility for mantle serpentinisation should be considered (e.g., Reston, 2009; Péron-Pinvidic et al., 2013) . A problem is that where serpentinisation of mantle is theoretically possible due to extreme crustal thinning, the overlap of physical properties for crystalline crustal rocks and altered mantle rocks hampers the interpretation of lithological bodies.
Density values for serpentinites range between 2340 and 3250 kg/m 3 according to a compilation by Dietze & Kontny (2011) . In a study of abyssal serpentinites obtained from ODP drill sites, Oufi et al. (2002) -3 SI according to Dietze & Kontny (2011) . Oufi et al. (2002) reported susceptibilities ranging from 0.002 to 0.153 SI in their study. Compared to the values for continental crystalline rocks that are well constrained for the inner parts of the Norwegian margin (Ebbing et al., 2009 ), the overlap is very significant.
Thus, in our view, an important confidence boundary should be placed at the taper break of Osmundsen & Redfield (2011) , where the tapered crystalline crust is juxtaposed with the strongly thinned and tectonically deformed rocks of the distal margin. Outboard of the taper break, geophysically defined bodies with densities and magnetic properties similar to those of the continental crust could also be composed of serpentinised mantle, as shown for the IberianNewfoundland margin pair (i.e., Dean et al., 2000) . In such a scenario, the correlation of geophysically defined bodies across the taper break may lead to misinterpretation.
Vp/Vs ratios modelled from seismic refraction data can be diagnostic in separating lithologies at depth, but the method is vulnerable to the presence of fluids as well as tectonic fabrics (e.g., Reynard et al., 2010) . Both would be expected to be abundant in the lower crust and upper mantle at highly extended rifted margins (e.g., . Furthermore, Vp/Vs ratios of serpentinite show large variations depending on mineralogy (e.g., chrysotile vs. antigorite serpentines; Guillot et al., 2015) . In our opinion, serpentinisation of mantle rocks and exhumation of altered mantle in windows under the most highly extended areas are realistic options for the Norwegian margin (Osmundsen & Ebbing, 2008; Lundin & Doré, 2011; Péron-Pinvidic et al., 2013) .
Similar problems may arise where the density and magnetic properties of deep-seated sedimentary rocks overlap with those of low-magnetic metasediments are rotated fault blocks. The fault blocks may contain sedimentary rocks to considerable depth, perhaps down to the basal detachment fault (Fig. 4E, F) . The detachment rising towards the Faeroe-Shetland Escarpment is not imaged in the GMNR94-102 profile from the south Møre Basin, but a similar structure may possibly exist there, based on modelled density boundaries that appear to rise towards the margin and on the apparent lack of large, basement-cored, rotated fault blocks outboard of the south Vigra High. Alternatively, the most fundamental detachment may dip southeastwards in the south Møre Basin, leaving the southern parts of the Møre margin in an `upper plate´ position (e.g., Torske & Prestvik, 1991; . The distinction cannot be made based on the present data, but such a scenario would require a change in structural style and thus a transfer or accommodation zone between our southern and northeastern Møre transects. Such a lineament may be indicated in the potential field data, in particular in the magnetics, between the Gnausen and Gossa highs. Independent of the polarity of the proposed main detachment, a transfer structure may be located there, explaining in part the difference in structural style (Fig.  9) between the southern and northeastern Møre transects.
The Vøring margin
For the Vøring margin, recent long-offset seismic reflection data together with the older GMNR94 survey provide tantalising glimpses of the structural configuration under the deep distal margin. In the proximal parts of the south Vøring margin, the Halten Terrace, as well as rotated fault blocks in the inner distal margin, is underlain by well-defined reflector bands interpreted to represent reflective lower crust (Fig. 5; Osmundsen & Ebbing, 2008) . In our interpretation, a major breakaway on the northwest flank of the Slettringen ridge, passes into a subhorizontal detachment fault with displacement in the order of tens of kilometres in the less well-imaged area towards the Jan Mayen Fracture Zone (e.g., Osmundsen et al., 2002; Osmundsen & Ebbing, 2008) . Our interpretation of the detachment flooring a deep outboard sedimentary basin (Fig. 5) contrasts to that of Nirrengarten et al. (2014) , who preferred to interpret this interval as continental crystalline crust. In our interpretation, southeastward-rotated reflectors in this interval, imaged c. 30 km northwest of the ridge, probably represent preCretaceous or Cretaceous sedimentary rocks. A pertinent question is whether mantle rocks became unroofed and exhumed in the footwall of this detachment. Based on analysis of modelled Vp/Vs ratios, Mjelde et al. (2002) did not exclude the possibility of serpentinisation of mantle under the central and southern Vøring Basin, albeit their favoured interpretation was one of crustal rocks and intrusions. Comparing the morphology of this system with that of the Iberian margin, where mantle rocks did in the metamorphic basement (Ebbing et al., 2009) . Important discriminating factors are rock density and seismic velocity, but for sediments buried by 10-15 km or more this becomes ambiguous. The density of sedimentary rocks increases by mechanical compaction and temperature-controlled diagenetic processes during burial, and may even reach low-grade metamorphic conditions. Rocks exhumed rapidly in the footwalls of extensional detachment faults can contain residual heat that, in combination with shear heating, may lead to significantly elevated temperatures in the overlying basin (Souche et al., 2012) . If successively deeper and hotter parts of the deep crust and mantle were exhumed seawards during seaward-stepping faulting, such processes may have been occurring increasingly towards the line of breakup from the Early Cretaceous onwards.
Summary: the Møre margin
The Møre margin presents a very sharply tapered necking domain that consists largely of fault planes eroded to various degrees (Figs. 3 & 4) . The geometry changes laterally along the Møre margin as well as between the Møre and Vøring margins (Fig. 9) , suggesting lateral variations in the configuration of large-magnitude faults. An important difference between the southern and northeastern parts of the inner parts of the distal Møre margin appears to be the lack of large, rotated fault blocks in the south, whereas a well-defined domain of tilted blocks is well imaged in the northeast (Figs. 3 & 4) . The thin layer with modelled crustal densities of 2.95 g/ cm 3 underlying the deepest parts of the south Møre Basin may well represent serpentinised mantle. We favour a scenario where mantle may have become exhumed some 100-120 km offshore, but recognise the ambiguity which is reflected by the different scenarios for each profile. Under this interpretation, the south Vigra High would be an allochthonous block resting on a mantle detachment. This configuration would be structurally similar to the well constrained (ODP drilled) geometries observed in the Southern Iberia Abyssal Plain of the Iberia margin. The south Vigra High observed on the GMNR 102R (transect 1) could correspond to the 1069 crustal allochthon observed on the Iberian LG12 profile, and the Vigra High observed farther north on the GMNR 103 (transect 2) could correspond to the northern extent of the 1069 allochthon as a standard tilted block on the CAM144 profile (see Figs. 10 & 11; Péron-Pinvidic et al., 2007, fig. 6 ).
In the northeastern Møre Basin (Fig. 4) , the tilt-block array that includes the Vigra High represents a hyperextended or `coupled´ subdomain, where some of the half-graben bounding faults probably extended down into the mantle, but where the tilted blocks were likely cored by crystalline crust. The major breakaway that borders the Vigra High soles into a large-magnitude detachment fault that rises towards the breakup line. Overlying the detachment and the Fles Fault Complex (FFC) accommodated tens of kilometres of displacement. The orientation of bedding in the Lower Cretaceous strata above the fault shows that it occupied a subhorizontal position shortly after its main phase of activity, which makes it another strong and very well-imaged candidate for an unroofed distal detachment or exhumation fault. In this area, the hyperextended subdomain of large, tilted fault blocks in the inner distal margin appears to be missing, in such a way that the Dønna terrace is juxtaposed directly with the deepest parts of the distal margin. We suggest that the above detachment was related to the seaward-dipping system of Late Jurassic-Early Cretaceous domain-boundary become exhumed under flat-lying detachment faults in the distal margin (e.g., Figs. 10 & 11; Reston, 1996; Manatschal et al., 2001) , and the above uncertainties related to Vp/Vs analysis, we rather favour an interpretation of likely mantle exhumation (cf., Lundin & Doré, 2011) . In this case (Fig. 5E ) the northwestern flank of the Slettringen Ridge would constitute the breakaway of an `exhumation fault´ in the terminology of Manatschal (2004) , or at least the breakaway for a detachment where unroofing went almost to completion.
Farther north, the major, low-angle detachment fault interpreted between the trailing edge of the Rån Ridge faults, and that it may have been continuous with both the Ytreholmen Fault Complex and the detachment northwest of the Slettringen Ridge. In this case, the Rås Basin may have been initiated on a major listric detachment with a total displacement in the order of 100 km. Northwest of the Rås Basin, the well-imaged part of the detachment provided a fundamental, tectonic boundary for the Rån Ridge, which, correspondingly, played the part of a large extensional allochthon through parts of the Early Cretaceous.
The Rån allochthon became bound in the northwest by another, outer detachment, which floors the deep, densely faulted, outboard Cretaceous basin which, in turn, correlates directly with parts of the Cretaceous succession in the south Gjallar Ridge. The displacement along the outer detachment, however, is not well constrained, and below the well-imaged Cretaceous succession the hanging wall basin may contain more Cretaceous rocks or, alternatively, a deep-seated, small allochthon with pre-Cretaceous sediments and/or crystalline basement (Figs. 7 & 8) . The outer detachment cuts the `T´ reflector, (Fig. 7) and in the south Gjallar Ridge, a similar situation appears to be the case for large faults that cut the Cretaceous succession . Depending on the chosen scenario, the `T´-reflector may represent the top of lower crustal rocks, altered mantle or an underplate. Considering the above scenarios, we favour an interpretation of parts of `T´ as the Jurassic-Cretaceous crust-mantle boundary, as above, without reaching the surface. The thermal effect associated with a raised asthenosphere due to lithosphere thinning and to emplacement of magmatic rocks at depth would cause regional uplift, even of areas with exhumed mantle on the outer margin (e.g., Bronner et al., 2011) . Thus, the above scenarios with strongly thinned crust and/or exhumed mantle in the outer margin are not necessarily in contradiction to a structurally elevated position of the outer margin in the Cretaceous.
Conclusions
• The successive incision of deep, continent-dipping reflectors over tens of kilometres in areas of already hyperextended crust indicates unroofing of mantle rocks in the footwalls of major detachments in the deep margin offshore Norway.
• One of the best imaged examples of an `exhumationtype´ detachment offshore Norway so far is in the Vøring Basin, at the trailing edge of the Rån Ridge. We suspect that parts of this major detachment were linked to the Ytreholmen Fault zone, with flat-lying detachments west of the Slettringen Ridge and perhaps with a proposed northwest-rising detachment in the northeast Møre Basin.
• A younger detachment was active northwest of Rån and in the area that developed into the Gjallar Ridge. The hanging wall of this detachment contains pervasively faulted Cretaceous strata to great depth.
• Interpretations of strongly thinned crust or exhumed mantle in areas that were structurally high in the Cretaceous may be justified by volume increase and density decrease related to serpentinisation and by thermal response to extreme crustal thinning and mantle hydration.
• The landward-dipping Fles Fault Complex cut and displaced the above system of successively incising detachments. The Rås Basin, originally formed on seaward-dipping detachment fault(s), changed to a continent-facing half-graben before abandonment and thermal relaxation. Parts of the FFC were reactivated with reverse displacements in the Cenozoic.
• Ambiguity related to overlapping densities and velocities of different basement lithologies does, however, hamper a unique solution of the deep-seated lithological and structural architecture and thus the details of the tectonic model. early suggested by Ren et al. (1998) for the Gjallar Ridge. The successive incision of progressively deeper crustal levels and possibly upper mantle by major detachment faults in the distal margin, and the truncation even of this system by the outer detachments, makes it difficult to envisage that significant thicknesses of crystalline crust were preserved northwest of the Rån Ridge.
The continent-dipping Fles Fault Complex (FFC) cut and displaced the major detachment southeast of the Rån Ridge. We suggest that the FFC cut the most distal parts of the Ytrehomen Fault Complex and thus the outer parts of the necking domain or, alternatively, the innermost parts of the distal margin. This is substantiated by the northwestward-rising segment of the `T´-reflector observed in MNR05-7332, interpreted tentatively to represent a crust-mantle boundary. It follows from this interpretation that the Ytreholmen Fault Complex at some point in the Early Cretaceous became incorporated into the rotated hanging wall of a continent-facing half-graben bound in the northwest by the FFC. In this scenario, the extremely deep and poorly imaged Rås Basin did not entirely develop as a thermally controlled basin. We suggest that it started out as a supradetachment basin, but that is was cut and displaced by the FFC, which turned it into a large, continent-facing, halfgraben basin. Following this phase, the Rås Basin was probably controlled by thermal subsidence, disturbed only by reactivation of the FFC in the Late Cretaceous and in the Cenozoic. The Ytreholmen Fault zone would, correspondingly, change its role from that of a major detachment to a flexed and onlapped hanging wall flank.
Interpretations of unroofed detachment faults and likely windows of exhumed mantle in the outer parts of the margin invites the question as to why the outer ridges system (Rån Ridge, South and North Gjallar Ridges) as well as the northwestern parts of the Møre Basin occupied structurally high positions in much of the Cretaceous. Stratigraphic evidence for this is provided by onlap relationships on the southeastern flanks of the Rån and Gjallar Ridges as well as a pinchout of upper parts of the Cretaceous succession along the northern Møre margin. Removal of significant parts of or the entire crustal section in the outer margin in Cretaceous time can be regarded as contradicting Cretaceous uplift of these areas. However, in areas of strong crustal thinning, serpentinisation of mantle would lead to volume increase and density decrease, and thus potentially to further uplift. Another possible solution may lie in the magmatic evolution of the margin system prior to breakup. Intrusions and volcanic rocks that were interpreted and sampled on the Norwegian margin have been assigned to Early Cenozoic ages (e.g., Svensen et al., 2010) . However, if Cretaceous extension proceeded as far as suggested by some of the above scenarios, it cannot be excluded that magmatic products were stored under the outer margin from Cretaceous time onwards, perhaps during formation of the distal or outer detachments described Acknowledgements. We thank Erik Lundin and Geoffroy Mohn for their insightful reviews. We thank ExxonMobil for financial support to the CONTEC project and for permission to publish project results. We are grateful to TGS NOPEC and Spectrum for permission to publish selected parts of the MNR seismic reflection survey and for access to nonreleased seismic data for temporary interpretation purposes. We thank Schlumberger asa for the use of their interpretation software (Petrel (R) ) and Franlab-Beicip for the use of their seismic interpretation and depth conversion module Easydepth (R) .
